Na v 1.5 is the ␣-subunit of the cardiac sodium channel complex. Abnormal expression of Na v 1.5 on the cell surface because of mutations that disrupt Na v 1.5 trafficking causes Brugada syndrome (BrS), sick sinus syndrome (SSS), cardiac conduction disease, dilated cardiomyopathy, and sudden infant death syndrome. We and others previously reported that Ran-binding protein MOG1 (MOG1), a small protein that interacts with Na v 1.5, promotes Na v 1.5 intracellular trafficking to plasma membranes and that a substitution in MOG1, E83D, causes BrS. However, the molecular basis for the MOG1/Nav1.5 interaction and how the E83D substitution causes BrS remains unknown. Here, we assessed the effects of defined MOG1 deletions and alanine-scanning substitutions on MOG1's interaction with Na v 1.5. Large deletion analysis mapped the MOG1 domain required for the interaction with Na v 1.5 to the region spanning amino acids 146 -174, and a refined deletion analysis further narrowed this domain to amino acids 146 -155. Site-directed mutagenesis further revealed that Asp-148, Arg-150, and Ser-151 cluster in a peptide loop essential for binding to Na v 1.5. GST pulldown and electrophysiological analyses disclosed that the substitutions E83D, D148Q, R150Q, and S151Q disrupt MOG1's interaction with Na v 1.5 and significantly reduce its trafficking to the cell surface. Examination of MOG1's 3D structure revealed that Glu-83 and the loop containing Asp-148, Arg-150, and Ser-151 are spatially proximal, suggesting that these residues form a critical binding site for Na v 1.5. In conclusion, our findings identify the structural elements in MOG1 that are crucial for its interaction with Na v 1.5 and improve our understanding of how the E83D substitution causes BrS. 3 The abbreviations used are: BrS, Brugada syndrome; SSS, sick sinus syndrome; aa, amino acid; GST-Na v 1.5-LII, GST-Na v 1.5-loop II.
Cardiac arrhythmias cause more than 300,000 sudden deaths each year in the United States alone (1) . Mutations in the SCN5A gene cause inherited cardiac arrhythmias, including Brugada syndrome (BrS) 3 , sick sinus syndrome (SSS), cardiac conduction disease, atrial fibrillation, and dilated cardiomyopathy (2) (3) (4) (5) . Abnormalities of cardiac sodium current were also observed in common cardiovascular diseases such as myocardial ischemia and heart failure, which are also associated with sudden deaths (6) .
The cardiac voltage-gated sodium channel is responsible for the generation and conduction of cardiac action potential (7, 8) . The cardiac sodium channel is a multiprotein complex consisting of an ␣-subunit of Na v 1.5 encoded by the SCN5A gene, ␤-subunits (␤1-␤4), and other accessory interacting proteins such as the chaperon MOG1 identified by our group using a yeast two-hybrid screen (9) . MOG1 was initially identified as a Ran-binding protein and a guanine nucleotide release factor of Ran (10, 11) . The interaction between MOG1 and Ran was shown to be required for efficient nuclear protein import (12) . The X-ray crystal structure of yeast MOG1 was determined at 1.9 Å resolution (13) . MOG1 has an interesting structure with a backbone formed by six-stranded antiparallel ␤-sheets flanked on both sides by helices (14) . The solution structure of human MOG1 was determined recently by conventional NMR spectroscopy and has a sandwich-like structure with nine ␤-strands and four helices (15) . The ␤3 to ␤9 form the central antiparallel ␤-sheets, which were packed by helices ␣2 and ␣4 on either side (15) . The Asp-25, Arg-30, Asp-34, and Glu-37 residues of MOG1 play an important role in Ran binding and GTP release in mice (16) . A recent study suggested that the Asp-27, Glu-50, Asp-70, and Glu-53 residues of human MOG1 were also involved in the MOG1-Ran interaction (15) . 1 To whom correspondence may be addressed: 9500 Euclid Ave., Cleveland, OH 44195. Tel.: 216-444-2122; Fax: 216-636-1231; E-mail: chenq3@ccf.org. 2 To whom correspondence may be addressed. E-mail: qkwang@hust.edu.cn or wangq2@ccf.org.
We reported previously that MOG1 is a key component of the cardiac sodium channel complex and is required for the full function of Na v 1.5. MOG1 was identified as a protein that interacts with the cytoplasmic loop II (between domains DII and DIII) of Na v 1.5 by a yeast two-hybrid screen. MOG1 increases the density of the cardiac sodium current I Na by promoting the intracellular trafficking of Na v 1.5 from the endoplasmic reticulum to the plasma membrane (9, 17) . Na v 1.5 failed to be transported to cell surface and accumulated in the endoplasmic reticulum when MOG1 was knocked down in Na v 1.5/HEK cells, the HEK293 cells with stable overexpression of Na v 1.5. Overexpression of MOG1 successfully rescued the defective trafficking and reduced I Na density associated with Na v 1.5 mutation D1275N causing SSS, atrial fibrillation, and dilated cardiomyopathy, and mutation G1743R causing BrS (17) . Therefore, MOG1 is a potential therapy for carriers with mutant Na v 1.5 having defects in cell surface trafficking of Na v 1.5. However, the underlying molecular mechanism of how MOG1 interacts with Na v 1.5 is unknown. Interestingly, a mutation in MOG1, E83D, was identified in a patient with BrS (18) . MOG1 mutation E83D was reported to be a dominant negative missense mutation that significantly reduced the density of I Na (18) . However, the molecular mechanism of how mutation E83D results in BrS is poorly understood.
In this study, we investigated the mechanism by which MOG1 interacts with Na v 1.5. Our data demonstrate that amino acid residues Glu-83, Asp-148, Arg-150, and Ser-151 are essential for the binding of MOG1 to Na v 1.5 to generate full-scale I Na . Furthermore, amino acids Leu-138 and Leu-139 of MOG1 are required for the integrity of MOG1's structure. Moreover, we found that MOG1 mutation E83D disrupted the interaction between MOG1 and Na v 1.5, and significantly reduced intracellular trafficking of Na v 1.5 to the plasma membranes, thereby providing a novel molecular mechanism for the pathogenesis of BrS.
Results

Large deletion analysis defines the MOG1 functional domain for interaction with Na v 1.5 between amino acid residues 146 and 174
MOG1 is an evolutionarily conserved protein from yeast to humans (19) . Yeast two-hybrid screening and follow-up GST pulldown and co-immunoprecipitation studies showed that MOG1 interacts with cardiac sodium channel Na v 1.5 (9) . Overexpression of MOG1 in HEK293 and tsA201 cells or mouse cardiomyocytes facilitates the cell surface expression of Na v 1.5 and enhances sodium current density (9) . To determine the functional domain(s) of MOG1 in enhancing Na v 1.5 cell surface expression, and thus increasing the sodium current density, we carried out a systematic deletion analysis. We created serial deletions of MOG1 from the C terminus, including deletion 1-174 aa, 1-146 aa, and 1-101 aa (Fig. 1A) . The deletion mutants were then co-transfected into Na v 1.5/HEK cells with constant expression of Na v 1.5 together with pmaxEGFP. Whole-cell patch clamp recordings of selected green fluorescent cells with successful transfection of MOG1 plasmids were performed to determine the effects of MOG1 deletions on Na v 1.5 channel function. Like the full-length WT MOG1, the first C-terminal deletion of MOG1 (1-174 aa) increased sodium current density. However, MOG1 deletions MOG1 (1-146 aa) and MOG1 (1-101 aa) failed to increase sodium current density ( Fig. 1, B-D) . These data suggest that amino acid residues between 146 and 174 aa are required for MOG1 to increase sodium current density.
MOG1 interacts with the cytoplasmic loop II of Na v 1.5 to facilitate its cell surface expression (9) . To determine whether the MOG1 (146 -174) region is involved in the interaction with Na v 1.5, GST pulldown assays were performed. GST-Na v 1.5loop II (GST-Na v 1.5-LII) successfully pulled down the fulllength MOG1 and the first C-terminal deletion mutant MOG1 (1-174) (Fig. 2, A and B) . However, GST-Na v 1.5-LII failed to pull down MOG1 deletion mutants MOG1 (1-146 aa) and MOG1 (1-101 aa) ( Fig. 2, A and B) . These data suggest that the amino acid residues between 146 and 174 of MOG1 are involved in its interaction with the cytoplasmic loop II of Na v 1.5.
Microdeletion analysis defines the MOG1 functional domain for interaction with Na v 1.5 between amino acid residues 146 and 155
To narrow down the MOG1 functional domain for interaction with Na v 1.5, we created consecutive deletions of 10 amino acid residues for the region between amino acid residues 126 and 174 of MOG1 (Fig. 3A) . The whole-cell patch clamp recordings showed that three deletion mutants, MOG1 (166 -174 aa deletion), MOG1 (156 -165 aa deletion), and MOG1 (126 -135 aa deletion), had similar activity as WT MOG1 in 
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increasing sodium current density ( Fig. 3 , A-C). However, two deletion mutants, MOG1 (146 -155 aa deletion) and MOG1 (136 -145 aa deletion) failed to enhance sodium current density ( Fig. 3 , A-C). Consistent with the patch clamp data, mutants MOG1 (146 -155 aa deletion) and MOG1 (136 -145 aa deletion) failed to be pulled down by GST-Na v 1.5-LII, whereas the other three mutants, MOG1 (166 -174 aa deletion), MOG1 (156 -165 aa deletion), and MOG1 (126 -135 aa deletion), were successfully pulled down by GST-Na v 1.5-LII ( Fig. 4, A and B) . Together, these data suggest that amino acid residues between 136 and 155 of MOG1 are involved in MOG1 interaction with Nav1.5-LII to increase sodium current density.
Point mutation analysis identifies critical amino acids of MOG1 required for Na v 1.5 function and enhancement of sodium current density
To determine the critical amino acid residues between 136 and 155 of MOG1 required for interaction with Na v 1.5-LII and for increasing sodium current density, alanine-scanning mutagenesis was performed for individual amino acid residues in the region (Fig. 5A ). Whole-cell patch clamp analysis showed that WT MOG1 increased sodium current density, but MOG1 mutants with mutations at L138A, L139A, D148A, R150A, or S151A failed to increase sodium current density (Fig. 5A ). These data identified two MOG1 domains which impaired MOG1-mediated increase of cardiac sodium current density, region I at amino acid residues Leu-138 and Leu-139 and region II at amino acids Asp-148 to Ser-151. GST pulldown assays showed that GST-Na v 1.5-LII failed to pull down mutants MOG1 (L138A) and MOG1 (L139A) at region I (Fig. 5, B and Interaction between WT and mutant MOG1 and Na v 1.5. A, the tsA201 cells were transfected with an expression plasmid for FLAG-tagged WT MOG1 (MOG1-WT) or each deletion mutant, lysed and mixed with GST-Na v 1.5-LII with the intracellular loop II of Na v 1.5 or control GST alone purified by GSH-Sepharose from Escherichia coli transformed with respective GSTplasmids. GST pulldown was then carried out, and MOG1 was detected using Western blot analysis with an anti-FLAG antibody. B, quantified data on the relative binding levels between WT MOG1, mutant MOG1, and Na v 1.5-LII from studies as in A. Error bars indicate S.D. (n ϭ 3). 
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C). The interaction between GST-Na v 1.5-LII and MOG1 mutants with mutations at D148A, R150A, or S151A at region II was also decreased compared with that with WT MOG1 (Fig.  5 , B and C).
The overall effects of MOG1 alanine-scanning mutations at region I (L138A, L139A) were more dramatic than that of similar mutations at region II (D148A, R150A, S151A) ( Fig. 5 , A-C). To identify the underlying cause, we analyzed the affected amino acid residues against the 3D structure of MOG1 as reported by Bao et al. (15) . As shown in Fig. 5D , Leu-138 and Leu-139 are located in the inner part of MOG1, consistent with their characteristics as amino acids with nonpolar side chains ( Fig. 5D ). Because they are buried inside the structure of MOG1, Leu-138 and Leu-139 cannot be the amino acid residues that interact directly with Na v 1.5. Thus, the effects of Leu-138A and Leu-139A could be because of structural changes of MOG1. Nevertheless, our data suggest that Leu-138 and Leu-139 may be involved in establishing the integrity of the MOG1 structure as their mutations to alanine may destabilize the overall structure of MOG1 so that the interaction between MOG1 and Na v 1.5 was disrupted.
Residues Asp-148, Arg-150, and Ser-151 of MOG1 are polar and charged amino acids located on the surface of the molecule (Fig. 5D ). To further confirm their functional roles in MOG1, we constructed D148Q, R150Q, and S151Q mutations with more dramatic changes. Whole-cell patch clamp analysis showed that unlike WT MOG1, all three mutant MOG1 (D148Q, R150Q, S151Q) failed to increase cardiac sodium current density (Fig. 6, A and B) . GST pulldown assays showed that these three mutant MOG1 failed to interact with GST-Na v 1.5-LII ( Fig. 6, C and D) . These data suggest that amino acid residues Asp-148, Arg-150, and Ser-151 are the critical amino acids required for MOG1-Na v 1.5 interaction, which is required for increased I Na density. We refer to the MOG1 region centered at Asp-148 to Ser-151 as the Na v 1.5 interaction domain of MOG1.
MOG1 increases cardiac sodium current density through facilitating Na v 1.5 trafficking to the plasma membrane. To determine the effects of the amino acid residues of the Na v 1.5 interaction domain on the plasma membrane expression level of Na v 1.5, mutant MOG1 with mutations L138A, L139A, D148Q, R150Q, or S151Q and pcDNA3-SCN5A were co-transfected into tsA201 cells. The biotinylated plasma membrane proteins were isolated and used for Western blot analysis to determine the expression level of Na v 1.5 in the plasma membrane. In contrast to WT MOG1, all five MOG1 mutants failed to increase the level of Na v 1.5 in the plasma membrane ( Fig. 7 , A-D). As a control, the Na v 1.5 expression level in total cell lysates was not affected by the five MOG1 mutants ( Fig. 7 , A-D).
Effect of Brugada syndrome mutation E83D of MOG1 on MOG1-Na v 1.5 interaction and sodium current density
A mutation in MOG1, E83D, was identified in a patient with BrS and significantly reduced the density of cardiac sodium current (18) . However, the underlying molecular mechanism was poorly understood. Interestingly, our computer structural modeling analysis showed that the Glu-83 residue of MOG1 is located in close proximity to the Na v 1.5 interaction domain ( Fig. 5D ). Thus, we hypothesized that the Glu-83 residue of 
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MOG1 is also involved in the interaction between MOG1 and loop II of Na v 1.5, and that the E83D mutation of MOG1 disrupts the interaction between MOG1 and Nav1.5, thus preventing MOG1 from facilitating Na v 1.5 trafficking to the cell surface. To test this hypothesis, we performed GST pulldown assays with mutant MOG1 with the E83D mutation. As shown in Fig. 8A , GST-Na v 1.5-LII failed to pull down mutant MOG1 (E83D), although the positive control, WT MOG1, successfully pulled down GST-Na v 1.5-LII. Moreover, we performed Western blot analysis with biotinylated plasma membrane proteins isolated from the cells co-transfected with pcDNA3-SCN5A and a WT FLAG-MOG1 plasmid, a mutant FLAG-E83D plas-mid, or an empty vector control. Overexpression of WT MOG1 significantly increased the expression level of Na v 1.5 in the plasma membrane as compared with empty vector control, however, mutant MOG1 with the E83D mutation failed to increase Na v 1.5 in the plasma membrane as compared with WT MOG1 (Fig. 8, B and C) . As a control, the Na v 1.5 expression level in total cell lysates was not affected by MOG1 mutation E83D (Fig. 8, B and C) . These results suggest that the mechanism by which MOG1 mutation E83D causes BrS is that it disrupts the interaction between MOG1 and Na v 1.5, which significantly decreases the level of Na v 1.5 in the plasma membrane, resulting in reduced sodium current density. Figure 5 . Identification of the critical amino acid residues for MOG1-Na v 1.5 function. Alanine-scanning mutagenesis was used to systematically mutate each amino acid residue between 136 and 155. A, effect of WT MOG1 (MOG1-WT) and each point mutation on the peak sodium current density. The peak current density (pA/pF) was Ϫ214.73 Ϯ 122.06 for pcDNA3.1-(Ϫ) ( (17 cells) . Values are mean Ϯ S.D. B, GST pulldown assays. MOG1 mutations L138A or L139A impaired the interaction between MOG1 and GST-Na v 1.5-LII and failed to increase sodium current density. Mutations D148A, R150A, or S151A significantly decreased MOG1 interaction with GST-Na v 1.5-LII and the peak sodium current density. C, quantified data on the relative binding levels between WT and mutant MOG1 and Na v 1.5-LII from studies as in B. Error bars indicate S.D. (n ϭ 3). D, diagram showing the location of residues Glu-83, Leu-138, Leu-139, Asp-148, Arg-150, Ser-151 in the structure of MOG1. The MOG1 structure was from Protein Data Bank (PDB ID: 5YFG).
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To determine whether MOG1 mutants D148Q, R150Q, S151Q, and E83D act in a dominant negative manner, we recorded sodium currents from the tsA201 cells co-transfected with an SCN5A expression plasmid and an equal amount of WT MOG1 and each mutant MOG1 as compared with WT MOG1 only. As shown in Fig. 9, A and B , the I Na densities for overexpression of WT MOG1 (0.5 g WT ϩ 0.5 g vector) were significantly decreased by co-expression of each of the four Figure 6 . Amino acid residues Asp-148, Arg-150, and Ser-151 of MOG1 are critical for interaction with Na v 1.5 and for increasing sodium current density. Residues Asp-148, Arg-150, and Ser-151 were mutated to glutamine with a predicted larger effect than alanine. A, effect of WT MOG1 and mutant D148Q, R150Q, or S151Q on sodium current density. Error bars indicate S.E. B, effect of WT MOG1 and mutant D148Q, R150Q, or S151Q on peak sodium current density. The peak current density (pA/pF) was Ϫ237.18 Ϯ 153.35 for pcDNA3.1-(Ϫ) (8 cells), Ϫ381.73 Ϯ 136.76 for MOG1-WT (12 cells), Ϫ227.89 Ϯ 136.40 for D148Q (9 cells), Ϫ246.88 Ϯ 123.32 for R150Q (13 cells), and Ϫ219.10 Ϯ 121.21 for S151Q (8 cells). Values are mean Ϯ S.D. C, GST pulldown assays for interaction between GST-Na v 1.5-LII and D148Q, R150Q, S151Q, and WT MOG1. D, quantified data on the relative binding levels between WT and mutant MOG1 and Na v 1.5-LII from studies as in C. Error bars indicate S.D. (n ϭ 3). 
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mutant MOG1 (0.5 g WT ϩ 0.5 g mutant MOG1). The data suggest that MOG1 mutants D148Q, R150Q, S151Q, and E83D all act in a dominant negative manner in reduction of I Na densities. Consistent with the I Na data, GST pulldown assays showed that the binding levels between WT MOG1 and Na v 1.5-LII were significantly decreased by co-expression of each of the four mutant MOG1 (Fig. 9, C and D) .
Discussion
Mutations in Na v 1.5 cause an inherited arrhythmia of BrS (2), cardiac conduction disease (3), sick sinus syndrome (4), atrial fibrillation (5), dilated cardiomyopathy (5), and sudden infant death syndrome (6) . The treatment options for BrS, cardiac conduction disease and sick sinus syndrome are highly limited except for implantation of implantable cardiac defibrillators and pacemakers. Approximately 50% of Na v 1.5 mutations are associated with significantly reduced cardiac sodium current density by blocking intracellular trafficking of Na v 1.5 to cell surface (20) . Therefore, interventions that reverse the effects of Na v 1.5 on intracellular trafficking of Na v 1.5 to cell surface was proposed as potential strategies to treat patients with BrS, cardiac conduction disease, and sick sinus syndrome (17) . We previously showed that MOG1 significantly promoted intracellular trafficking of Na v 1.5 to cell surface and increased cardiac sodium current density (9) . Moreover, MOG1 overexpression reversed the effects of trafficking-defective mutations D1275N and G1743R of Na v 1.5 on cell surface expression of Na v 1.5 and sodium current density (17) . However, the molecular mechanism by which MOG1 promotes intracellular trafficking of Na v 1.5 to cell surface is poorly understood. Studies to identify how MOG1 interacts with Na v 1.5 are important for understanding the role of MOG1 in intracellular trafficking of Na v 1.5. In this study, we defined the functional domain and precise amino acid residues of MOG1 that are required for its interaction with Na v 1.5. By analyzing the interaction of the intracellular loop II of Na v 1.5 with WT MOG1 and eight serial deletion mutants of MOG1 and characterizing the effects of deletions on cardiac sodium current density, we defined the Na v 1.5-interaction domain of MOG1 between amino acid residue Thr-136 and Pro-155 ( Figs. 1-3 ). Similar analysis but with alanine-scanning mutations identified the specific amino acid residues of MOG1 that are essential for MOG1-Na v 1.5 interaction, including Asp-148, Arg-150, and Ser-151. These three amino acid residues are located in an extended outside ␣-helix loop on the surface of the MOG1 structure (Fig. 5D ), which is best suited for contacting Na v 1.5.
Interestingly, our deletion and alanine-scanning mutation analyses revealed only one half of the Na v 1.5 interaction domain of MOG1. The other half was identified in an interesting manner. Our computer modeling analysis revealed that the Glu-83 residue of MOG1 is located in a close proximity in the 3D structure of MOG1 (Fig. 5D ). Functional studies showed that mutation E83D, which is associated with Brugada syndrome, disrupted the interaction between MOG1 and Na v 1.5 ( Fig. 8 ), suggesting that the Glu-83 residue is also involved in the interaction between MOG1 and Na v 1.5. The Glu-83 residue is located in nearby ␣-helix loop on the surface of the MOG1 structure (Fig. 5D ). Overall, the ␣-helix loop at Asp-148 to Ser-151 and the ␣-helix loop at Glu-83 form the two separate sides of a clamp, respectively, which may make MOG1 bind to Na v 1.5 by clamping down on a specific structure of Na v 1.5 (Fig. 5D) . Interestingly, Asp-148, Arg-150, and Glu-83 are all charged amino acid residues, which may interact with Na v 1.5 amino acid residues with opposite charges.
During our alanine-scanning mutation analysis, we identified two amino acid residues, Leu-138 and Leu-139, that appeared to disrupt the interaction between MOG1 and Na v 1.5 and reduce cardiac sodium current density (Fig. 5, A-C) . However, Leu-138 and Leu-139 are nonpolar amino acid residues and computer modeling analysis of the MOG1 structure revealed that these two residues are buried inside the MOG1 structure (Fig. 5D ). As such, it is impossible for Leu-138 and Leu-139 of MOG1 to make direct contact with Na v 1.5. Instead, Leu-138 and Leu-139 may be essential for maintaining the overall structure of MOG1 so that when either one is mutated to alanine, the overall structure of MOG1 is altered, which disrupts the interaction between MOG1 and Na v 1.5 and reduces cardiac sodium current density. 
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We reported previously that SCN5A is the first gene responsible for Brugada syndrome (2) . As MOG1 interacts with and regulates the function of the cardiac sodium channel encoded by SCN5A (9), MOG1 became a candidate gene for Brugada syndrome. Kattygnarath et al. (18) later reported a dominant negative mutation in MOG1, E83D, in a patient with Brugada syndrome . Overexpression of mutant E83D or E83D ϩ WT in HEK Na v 1.5 stable cells failed to increase cardiac sodium current density. However, the molecular mechanism was poorly understood. In this study, we show that the E83D mutation of MOG1 disrupts the interaction between MOG1 and Na v 1.5 and reduces intracellular trafficking of Na v 1.5 to cell surface (Fig. 8) . Our data provide a mechanistic understanding of why MOG1 mutation E83D significantly reduces cardiac sodium current density, and thereby uncovers a novel molecular mechanism for the pathogenesis of Brugada syndrome. It is interesting to note that a mutation from a glutamic acid residue (E) to an aspartic acid (D) is considered to be a minor change because the mutation does not change the overall negative charge, but simply reduces a methylene bridge (-CH 2 -) on the side chain. Figure 9 . MOG1 mutations D148Q, R150Q, and S151Q that disrupt the interaction between MOG1 and Na v 1.5 act in a dominant negative manner as Brugada syndrome mutation E83D. A, effects of MOG1 mutations E83D, D148Q, R150Q, and S151Q on sodium current densities in tsA201 cells co-transfected with 0.2 g of pcDNA3-SCN5A and an equal amount of WT MOG1 (MOG1-WT). The empty vector (1 g) was used as a negative control, and MOG1-WT (1 g) and MOG1-WT (0.5 g) ϩ vector (0.5 g) were used as positive controls. Error bars indicate S.E. B, the peak sodium current densities (pA/pF) derived from A: Ϫ68.93 Ϯ 32.05 for vector pcDNA3.1-(Ϫ) (24 cells), Ϫ124.14 Ϯ 43.46 for MOG1-WT (1 g) (17 cells), Ϫ98.20 Ϯ 23.43 for MOG1-WT (0.5 g) ϩ vector (0.5 g) (16 cells), Ϫ73.62 Ϯ 37.79 for MOG1-WT (0.5 g) ϩ D148Q (0.5 g) (23 cells), Ϫ72.06 Ϯ 40.67 for MOG1-WT (0.5 g) ϩ R150Q (0.5 g) (22 cells), Ϫ73.59 Ϯ 40.41 for MOG1-WT (0.5 g) ϩ Ser-151 (0.5 g) (25 cells), and Ϫ74.77 Ϯ 35.14 for MOG1-WT (0.5 g) ϩ E83D (0.5 g) (25 cells). Values are mean Ϯ S.D. C, GST pulldown assays for interaction between GST-Na v 1.5-LII and WT MOG1, and an equal amount of WT MOG1 and each mutant MOG1 (D148Q, R150Q, S151Q, or E83D). Note that more DNA was needed for transfection for GST pulldown assays than for I Na recording. D, quantified data from Western blot analysis as in (C) for the relative binding levels between GST-Na v 1.5-LII and WT MOG1, and WT/mutants. Error bars indicate S.D. (n ϭ 3).
However, our finding that the E83D mutation is located in the MOG1-Na v 1.5 interaction domain explains why such a weak mutation has a dramatic effect to cause a human disease because a deletion of one methylene bridge (-CH 2 -) in the MOG1-Na v 1.5 interaction pocket can make the interaction weakened, thereby disrupting the interaction and causing a dramatic functional effect.
The data from both patch clamp recordings of I Na and GST pulldown assays for the interaction between Na v 1.5-LII and MOG1 suggest that MOG1 mutations D148Q, R150Q, and R151Q as well as mutation E83D associated with Brugada syndrome act in a dominant negative manner to antagonize the functional effects of WT MOG1 (Fig. 9 ). 3D structural studies suggest that MOG1 is a monomer (15) . How does the mutant MOG1 interfere with the function of WT MOG1 to exert the dominant negative effect? One possibility is that MOG1 may function as a dimer or multimer in vivo, and mutant MOG1 binds to WT MOG1 to disrupt its binding to Na v 1.5 and reduce I Na densities. An alternative possibility may be related to the finding that MOG1 is an adaptor protein that can interact with other proteins. MOG1 was shown to interact with Ran GTPase (10, 11) . We recently found that small GTPases SAR1A and SAR1B interacted with MOG1, and the interaction was involved in MOG1-mediated cell surface expression and function of Na v 1.5 (26) . Therefore, mutant MOG1 may interfere with the interaction between WT MOG1 and SAR1 or other proteins that are in the complex with Na v 1.5 and required for trafficking of Na v 1.5, resulting in reduced I Na densities. These and other hypotheses can be tested in the future to further define the detailed molecular mechanism(s) underlying the dominant negative effect of MOG1 mutations.
A limitation of this study is that all experiments were performed in HEK293 cells. We have reported that the functional effects of MOG1 on Na v 1.5 and cardiac sodium currents in HEK293 cells are similar to those found in isolated neonatal cardiomyocytes (9, 17) . Moreover, Kattygnarath et al. (18) reported that mutation E83D associated with Brugada syndrome showed a similar effect in HEK293 cells and adult rat atrial cardiomyocytes. Therefore, it is possible that the findings on MOG1 and MOG1 mutations in HEK293 cells may be extended to cardiac myocytes. However, future studies using isolated neonatal cardiomyocytes are needed to test this possibility.
In summary, the data in this study identify the Na v 1.5 interaction domain of MOG1, and define the MOG1-Nav1.5 interaction domain as a potential clamp structure with the ␣-helix loop at Asp-148 to Ser-151 as one side of the clamp and the ␣-helix loop at Glu-83 as the other side of the clamp. Our data also identify important structural elements, including several charged amino acid residues, Asp-148, Arg-150, and Glu-83, which are essential for the interaction between MOG1 and Na v 1.5, and may make direct contact with Na v 1.5 amino acid residues with opposite charges. Moreover, we uncovered a possible molecular mechanism by which MOG1 mutation E83D causes Brugada syndrome. The identification of the MOG1 domain required for full Na v 1.5 function may facilitate rational design of agents to rescue the trafficking defects of Na v 1.5 mutations associated with Brugada syndrome, sick sinus syn-drome, atrial fibrillation, dilated cardiomyopathy, common heart failure, and myocardial ischemia.
Experimental procedures
Plasmids WT and mutant MOG1 expression plasmids for electrophysiological analysis in mammalian cells were constructed using the pcDNA3.1-(Ϫ) vector. The PCR primers used for amplification of MOG1 cDNA include the forward primer with an EcoR I restriction enzyme site, 5Ј-ATTCGAATTCGCCAC-CATGGAGCCCACGAGAGACT-3Ј and the reverse primer with a BamH I restriction site, 5Ј-CGATGGATCCTTA-CTGGG GACCAAGATG-3Ј. MOG1 deletions were made using overlapping PCR analysis. Alanine-scanning mutations were also created using overlapping PCR-based mutagenesis. The WT and mutant MOG1 expression plasmids for GST pulldown assays were constructed using the p3ϫFLAG CMV10 vector. The PCR primers used for amplification of MOG1 cDNA include the forward primer with a HindIII restriction enzyme site, 5Ј-GACCAAGCTTATGGAGCCCACGAGA GAC-3Ј and the reverse primer with an EcoR I restriction site, 5ЈTTGCGAATTCTTTTACTGGG GACCAAGAT-3Ј. The expression plasmid for GST-Na v 1.5-loop II (amino acids 940 -1200) was cloned into pGEX-4T1 as described previously (9) . The mammalian expression plasmid for SCN5A/Na v 1.5 is pcDNA3-SCN5A (pHL3) as described previously (2, 21) .
Cell culture and transfection
The tsA201 cells were cultured and maintained in Dulbecco's modified Eagle's medium (DMEM, Gibco) supplemented with 10% (v/v) fetal bovine serum (FBS). A stable HEK293 cell line with constant expression of Na v 1.5, Na v 1.5/HEK, was cultured in DMEM (Gibco) with 10% (v/v) FBS and 50 g/l of G418. For patch clampping recording, Na v 1.5/HEK cells were cultured on coverslips in 24-well plates to 80% confluence, and transiently transfected using GenJet (SignaGen Laboratories). The amount of plasmid DNA for each 24-well plate well was 0.8 g of WT, mutant MOG1, or empty vector pcDNA3.1-(Ϫ) as negative control, and 0.2 g of pmaxEGFP as a transfection indicator. For GST pulldown assays, tsA201 cells were cultured in 10-cm dishes, and transfected with 10 g of plasmids with FLAG-tagged WT or mutant MOG1.
Electrophysiological analysis
The transfected Na v 1.5/HEK cells with an approximately equal amount of GFP signal were selected for whole cell voltage clamping recording of sodium current. Electrode resistance ranged from 2 to 4 megohms when filled with the pipette solution (20 mM NaCl, 130 mM CsCl, 10 mM HEPES, 10 mM EGTA, pH 7.2, with CsOH). The composition of bath solution was 70 mM NaCl, 80 mM CsCl, 5.4 mM KCl, 2 mM CaCl 2 , 1 mM MgCl 2 , 10 mM HEPES, 10 mM glucose, pH 7.3 with CsOH as described previously (9, 22, 23) . Command pulses were generated using a MultiClamp 700B Amplifier (Axon Instruments) under the control of pCLAMP 10 software. The signals were digitized with a Digidata 1440A (Molecular Devices). Data were analyzed with Clampfit software.
Defect of MOG1-Na v 1.5 interaction causes Brugada syndrome Isolation and characterization of plasma membranes proteins
The tsA201 cells were co-transfected with expression plasmids for Na v 1.5 (pcDNA3-SCN5A) and WT or mutant FLAGtagged MOG1. Proteins on plasma membranes were biotinylated using the EZ-Link Sulfo-NHS-SS-Biotin kit (Pierce) according to the manufacturer's instructions. The cells were then lysed in TNEN buffer (50 mM Tris/HCl, pH 7.5, 150 mM NaCl, 2.0 mM EDTA, 1% Nonidet P-40), and biotinylated proteins were captured using Pierce TM UltraLink TM Immobilized NeutrAvidin TM Resin as described previously (9, 17) . Western blot analysis was then performed using an anti-Na v 1.5 antibody or other control antibodies as described previously (9) .
GST pulldown assays
The tsA201 cells were transfected with plasmids for FLAGtagged MOG1 and lysed in TNEN lysis buffer. GST-tagged Na v 1.5-loop II (GST-Na v 1.5-LII) was expressed in BL21 cells induced by IPTG (isopropyl ␤-D-thiogalactopyranoside) at 26°C for 8 h. GST-tagged Na v 1.5 loop II (amino acids 940 -1200) was used as bait to capture WT or mutant FLAG-MOG1 as described by us previously (9) . GSH Sepharose 4B beads (GE Healthcare) were used to bind GST-Na v 1.5-LII or GST alone as negative control. The products pulled down by GST were analyzed by Western blot analysis using an anti-FLAG antibody (Sigma).
Western blot analysis
Western blot analysis was performed as described previously (24, 25) . For Western blot analysis for Na v 1.5, we used 8% gels for separating proteins, whereas for MOG1, we used 15% gels. Primary antibodies used for Western blot analysis are those for FLAG (Sigma, F1804, F3165, 1:2000 dilution), Na v 1.5 (Proteintech Group, 23016-A-P, 1:1000; Alomone Labs, ASC-005, ASC-013, 1:1000 dilution), Na/K ATPase (Sigma, 06-520, 1:1000 dilution), and N-cadherin (Novus Biologicals, NB200-592, 1:500 dilution). The secondary antibodies are goat anti-mouse HRP-conjugated secondary antibody (Millipore, 1:20,000), goat anti-rabbit HRP-conjugated secondary antibody (Millipore, 1:20,000), goat anti-mouse IRDye 680LT (LI-COR Biosciences, 926-68020, 1:20,000), or goat anti-rabbit IRDye 800CW (LI-COR, 926-32111, 1:20000). The intensity of each band from Western blot images was quantified and analyzed by Quantity One analysis software 4.6.2 version (Bio-Rad Laboratories) or Image Studio (LI-COR).
Statistical analysis
Quantitative data were presented as mean Ϯ S.E. for sodium channel current-voltage characteristics and mean Ϯ S.D. for others. The difference between two groups was analyzed by a Student's t test. A p value of Ͻ 0.05 was considered to be statistically significant.
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